A multichromophoric glucopyranoside 2 bearing three dicyanomethylenepyran (DCM) fluorophores and one diarylethene (DAE) photochrome has been prepared by Cu(I)-catalyzed alkyne-azide cycloaddition reaction. The fluorescence of 2 was switched off upon UV irradiation, in proportion with the open to closed form (OF to CF) conversion extent of the DAE moiety. A nearly 100% Förster-type resonance energy transfer (FRET) from all three DCM moieties to a single DAE (in its CF) moiety was achieved. Upon visible irradiation, the initial fluorescence intensity was recovered. The observed photoswiching is reversible, with excellent photo resistance.
Introduction
The development of functional nanomaterials is nowadays a very attractive field of fundamental and applied research. The chemical functions at the molecular level yield properties, which are translated in terms of specific electronic or optical functions to the materials and device level. One of the challenges is to synthesize organic nano-architectures with a high degree of structural order and well-defined properties yielding high-performance functions, for both economic and environmental saving reasons. Saccharides are polyfunctional molecules with well-defined stereogenic centres in one molecular unit, and constitute "platforms" on which multiple functional moieties can be attached. Among many applications, the use of photochemical devices based on sugar derivatives is particularly appealing for the development of supramolecular systems for optical data storage media. Photochromic molecules are particularly efficient photo-driven switches, as they can commute upon light excitation between two distinct molecular species (states A and B, Figure 1 ) with the possibility to cycle up to one million "round trips", showing different physical and chemical properties, the most noticeable one being the absorp- tion change [1] . Indeed, they usually shuttle between a colorless and a colored form. Combining them with fluorescent compounds provides an added value to their photophysical function. Actually, fluorescence allows the possibility to reach high sensitivity and very low detection levels, down to the single molecule limit, whereas absorption spectroscopy requires a high number of active molecules [2] . If structural and spectral features of the fluorophore and the photochromic compound fit well together, the fluorescence can be switched ON and OFF: quenching of the fluorescence through a Förster-type resonance energy transfer (FRET) process from the former to the latter would occur, when the photochromic moiety is in the colored form (state B, Figure 1 ). At the opposite, in the colorless form (state A), the absence of FRET would keep the fluorescence alive, showing that the combination of these two functional molecules leads to a photon-driven fluorescence switch.
Previously, we have synthesized a fluorescent-photochromic dyad (1, Figure 2 ) combining a DCM fluorophore (4-dicyanomethylene-2-tert-butyl-6-(p-dialkylaminostyryl)-4H-pyran) [3] with a photochromic diarylethene (DAE) which showed a photoreversible two-way FRET controlled by the state of the photochromic moiety, and 49% quenching of the fluorescence upon UV irradiation [4] . Bifunctional molecules built on two distinct (photochrome and fluorophore) moieties have also been reported by other groups [5] [6] [7] [8] [9] . The fluorophore vs photochrome ratio in reported bifunctional systems is 1:1 [4] [5] [6] [7] or 2:1 [8, 9] . Other strategies to assemble interacting fluorophores and photochromes (supramolecular systems, nanoparticles, polymer materials) are also reported [10] [11] [12] [13] . FRET operates at distances of a few nanometers around the photochromic moiety (in its state B, Figure 1 ), which is related to the Förster radius. It means that in a suitably designed molecular system, one single photochromic unit can quench several fluorophores present within this distance. In a situation where one photochromic unit is surrounded by several fluorophores, we can take advantage of this phenomenon both to increase the brightness of the fluorescent molecular system and to turn "ON" and "OFF" several fluorophores with one given photochromic molecule. This is valuable in terms of photon (thus energy) saving, since "switching a few photochromes leads to quenching many fluorophores". In this perspective, we decided to design a multichromophoric glycopyranoside bearing three DCM fluorophores and one photochromic bis(dithiazole)ethane [14] [15] [16] (compound 2, Figure 2 ) so as to take advantage of this sugarbased "platform" to get a specific molecular architecture and to study the energy transfer and photo-switching efficiency. To the best of our knowledge, readily available monosaccharides have been rarely used to develop multichromophoric supramolecular systems. Only one artificial light-harvesting antenna system grafted on the α-D-glucopyranoside has been reported [17] .
Results and Discussion

Synthesis of multichromophoric sugars
Synthesis of organic nano-architectures with a high degree of structural order and defined properties is challenging because sophisticated multistep experimental procedures are often implicated. Recently, the Cu(I)-catalyzed alkyne-azide cycloaddition reaction (CuAAC, an excellent example of click chemistry) has been demonstrated as a robust and highly efficient ligation tool to conjugate various azido-and alkyne-functionalized moieties [18] [19] [20] . Monosaccharides can be readily functionalized with several propargyl groups to synthesize, using click chemistry, multivalent neoglycoconjugates for recognition studies with carbohydrate-binding proteins (lectins) [21] [22] [23] [24] or to develop light-harvesting antenna systems [17] . In order to introduce three DCM fluorophores and one photochromic species into the glycopyranoside scaffold, methyl 6-O-trityl-α-D-glucopyranoside 3 was chosen as starting material (Scheme 1). O-Propargylation followed by microwave-assisted CuAAC with azido-functionalized DCM fluorophore 5 [25] in the presence of copper sulfate and sodium ascorbate led to the fluorescent glucoside 6. The trityl group was then removed by a catalytic amount of acetyl chloride in a mixture of MeOH and CH 2 Cl 2 . Subsequent activation as mesylated followed by "microwave-assisted" nucleophilic substitution with sodium azide afforded the corresponding 6-azido sugar 8 which was treated with alkyne-functionalized photochromic diarylethene 9 [26] to furnish the target compound 2 in 68% yield. The structure of this compound has been confirmed by NMR and HRMS spectra.
Photophysical studies
The fluorescent glucoside derivative 6, bearing three DCM fluorophores, is used as a model fluorescent compound. Its absorption spectrum in acetonitrile, plotted in Figure 3a , shows a main large band peaking at 455 nm. It exhibits a wide fluorescence spectrum between 550 nm and 700 nm, with a maximum located at 610 nm (Figure 3b ), associated with a fluorescence quantum yield Φ F = 0.12. These spectroscopic characteristics are rather comparable to the absorption and fluorescence features of the fluorophore 5 [4] . The photophysical properties of the photochromic model compound 9 have been described in a previous report [4] . Briefly, the diarylethene 9 is originally in its colorless open form (9-OF), with an absorption spectrum in acetonitrile located in the UV range (λ max = 317 nm, Figure 3c , full black line). In this state, 9-OF is moderately fluorescent in the blue region (λ max = 440 nm, Φ F = 0.016, Figure 3d ). Under irradiation at 335 nm, 9-OF undergoes a cyclisation photoreaction yielding the molecule in its colored and non-fluorescent closed form (9-CF), as revealed by the appearance of a large absorption band peaking in the 500-700 nm range (Figure 3c , full blue line). The photostationary state (PSS) reached under 335 nm illumination is composed of 91% of 9-CF and 9% of 9-OF (Figure 3c , dashed line). The target compound 2 can be considered as the assembly of the fluorescent model derivative 6 and the photochromic model compound 9. Indeed, before any UV irradiation, the absorption spectrum of 2 in its open form (2-OF) represents the overlay of the absorption feature of 6 and 9-OF: as displayed in Figure 3e (full line), the absorption band at 455 nm matches to the three fluorophores, whereas the absorption bands at 286 nm and 325 nm correspond mostly to the photochromic diarylethene moiety. The fluorescence spectrum of 2-OF shows a very weak blue emission band between 400 nm and 500 nm from the diarylethene unit, and a rather strong red emission band peaking at 610 nm from the three DCM dyes (Figure 3f ). This dual emission will be discussed further, by a careful analysis of excitation spectra (vide infra). Figure 4a and b show that upon increasing irradiation times at 335 nm, an absorption band at 600 nm emerges, corresponding to the photochromic moiety in its thermally stable closed form, and the fluorescence emission is concomitantly quenched by Figure 3 , the emission band of the fluorophores in the 550-700 nm range overlaps well the absorption band of the photochromic derivative in its closed form, in the same spectral region. Therefore, the fluorescence quenching observed for the compound 2 under UV irradiation can be easily interpreted as the consequence of a FRET process from the DCM fluorophores (donors) to the diarylethene derivative in its colored closed form (acceptor), which plays the role of the quencher. The multichromophoric system 2 is completely reversible: under irradiation at 575 nm, the cycloreversion reaction 2-CF → 2-OF occurs, the absorption band centered at 610 nm drops back to zero and the fluorescence of the sample is fully recovered (Figure 4c and d) . As shown in Figure 4e and f, several UV-visible irradiation cycles were applied to the system without any degradation of its photophysical properties, revealing its excellent fatigue resistance. 1 H NMR spectra were recorded under increasing irradiation times at 335 nm in order to follow the photoisomerisation of compound 2 ( Figure 5 ), and corresponding UV-visible absorption spectra were measured, in order to correlate the absorption changes with the OF → CF conversion yield. Under 335 nm illumination, new signals appear near 5.2 ppm (for OCH 2 group) and 6.5 to 8.0 ppm which are induced by the photocyclisation of the photochromic moiety from the open to the closed form. Due to higher concentration of NMR sample, the maximum conversion reached was about 39%. Such combined 1 H NMR vs UV-visible absorption data allowed us to extrapolate the absorption spectrum of the dyad molecule in its pure closed form 2-CF, as plotted in Figure 3e (dotted line). It appears that the PSS obtained for the compound 2 with a lightirradiation at 335 nm corresponds to a mixture of 53% of 2-CF and 47% of 2-OF. Such a conversion yield has to be compared to the fluorescence quenching of 2 observed after irradiation at 335 nm (51% fluorescence quenching, vide supra). Therefore, the incomplete fluorescence quenching is due to a limited photochromic conversion yield under UV light. Furthermore, since the photochromic conversion yield (53%) corresponds almost to the fluorescence quenching (51%), the FRET process appears to be extremely efficient: under irradiation at 335 nm, half of the multichromophoric system is still in its initial open form 2-OF, associated with a strong fluorescence emission, and another half are promoted in their closed form 2-CF, whose fluorescence is almost totally quenched by FRET. This phenomenon is well-supported by time-resolved fluorescence measurements. Fluorescence decay curves of 6, 2-OF, and 2 after irradiation at 335 nm were recorded in acetonitrile by the time-correlated single photon counting method (TCSPC) at λ exc = 475 nm, and analyzed by a sum of three exponential components ( Table 1) . The model fluorescent glucoside derivative 6 shows a main time-constant at τ 1 = 1.00 ns, a second component at τ 2 = 0.35 ns, and a minor time-constant at τ 3 = 0.04 ns. The latter one has been neglected in the following discussion, since it is very close to the time-resolution of our instrument, and associated with a very low fraction of intensity (0.02). The two other time-constants are attributed to the E-isomer (τ 1 ) and the Z-isomer (τ 2 ) of the fluorophores, which is consistent with our previous studies [4] . The fluorescence decays of 2-OF and 2 after irradiation at 335 nm are plotted in Figure 6a , and the result of a global three-exponential fitting procedure is displayed on Table 1 . The three time-constants obtained by this method are in the same range as the ones determined for 6: τ 1 = 1.26 ns, τ 2 = 0.47 ns, τ 3 = 0.05 ns, associated with the fraction of the intensities comparable to 6. In a similar manner, the two significant contributions correspond to the E and Z-isomers of the fluorophores, respectively. Interestingly, the fluorescence decay curves of 2 before and after UV irradiation are overlapping, and the results of the fitting are identical in both cases, despite the fact that the fluorescence intensity is decreased by a factor of two (51% fluorescence quenching, vide supra). Such an observation is compatible with a static FRET quenching process. Indeed, when the PSS is reached under 335 nm irradiation, the population of 2-OF molecules represents 47% of the whole system, behaves as the initial non-irradiated molecules and contributes to the fluorescence decay, whereas the population of 2-CF molecules (53% of the system) is fully quenched through a very efficient FRET process, its contribution to the emission signal is negligible, and its decaytime is obviously below the time-resolution of our instrument. As a conclusion, the FRET process from the fluorophores to the closed form of the photochromic diarylethene is close to 100% in the molecule 2.
51%. As displayed in
Fluorescence excitation spectra provide another evidence of FRET intramolecular phenomenon within the compound 2. Indeed, the excitation spectrum of the model fluorescent glucoside 6, displayed in Figure 6b (red curve), resembles to the shape of its absorption spectrum, with a large band centered at 455 nm. However, the excitation spectrum of the molecule 2-OF recorded at λ em = 620 nm (corresponding to the fluorophore emission) shows an additional contribution in the 250-350 nm range, which corresponds to the open form of the photochromic moiety, revealing a FRET process from the open form of the diarylethene unit (donor) to the DCM fluorophores (acceptors). This energy transfer pathway is actually allowed by the favorable spectral overlap in the 400-500 nm range between the blue emission of the photochromic moiety in its open form (see Figure 3d ) and the absorption of the fluorophores (see Figure 3a) . As evidenced previously on 1 [4] , this "reverse" FRET explains why the emission of the photochromic moiety is almost absent in the fluorescence spectrum of the dyad 2-OF (Figure 3f ).
Finally, the limited conversion yield of the molecule 2 under irradiation in the UV (53%), compared to the model photochromic compound 9 (conversion yield = 91%) can be explained by this efficient double FRET effect: (i) the energy transfer from the open form of the photochromic unit to the fluorophores tends to deactivate the photochromic activity of 2-OF, and (ii) the energy transfer from the fluorophores to the closed form of the photochromic unit contributes to favor the CF → OF cycloreversion reaction. Consequently, the PSS of 2 when irradiated at 335 nm is much lower than the photochromic moiety 9 alone, because of the highly efficient FRET processes.
Conclusion
Through click chemistry, we have successfully introduced three DCM fluorophores and a DAE photochrome on the methyl α-Dglucopyranoside in good yield. The multichromophoric compound 2 can be reversibly switched upon UV and visible irradiation, and showed an excellent fatigue resistance. Under UV irradiation at 335 nm, the fluorescence was decreased by 51%. This value corresponds to the photochromic conversion yield at this photostationary state, with 53% of the DAE molecules promoted to their closed form. We therefore demonstrated that, at the molecular level, one single DAE moiety in the closed form induces the full fluorescence quenching of all three DCM moieties, by a FRET yield close to unity. This study is supported by time-resolved fluorescence experiments. This result represents a step forward, compared to our previous report on the 1/1 system 1. The increase of the OF to CF conversion extent of the photochromic unit is among our future perspectives, since this could lead to a better ON vs OFF fluorescence contrast. By a careful molecular engineering, combining photophysical analysis and synthetic work, we are endeavoring to tune optimally the fluorophore/photochrome ratio. Glycosides, and more generally sugar molecules, may further provide appropriate "platforms".
Experimental General details
Commercially available solvents and reagents were used without further purification. Compounds 3 [27] , 5 [25] and 9 [26] were prepared according to the literature. Melting points were measured on a Kofler bench. Optical rotations were measured using a JASCO P-2000 polarimeter. Column chromatography was performed on Carlo Erba Silica Gel 60A (40-63 µm). Analytical thin-layer chromatography was performed on E. Merck aluminum percolated plates of Silica Gel 60F-254 with detection by UV. 1 H and 13 C NMR spectra were recorded on a Jeol ECS-400 spectrometer. HRMS-ESI spectra were recorded on a Bruker microTOF-Q II spectrometer or Bruker maXis using standard conditions. Absorption spectra were recorded on a Cary-5000 spectrophotometer from Agilent Technologies. Corrected emission spectra were performed on a Fluorolog FL3-221 spectrofluorometer from Horiba Jobin-Yvon. The fluorescence quantum yields were determined by using quinine sulfate dihydrate in sulfuric acid (0.5 N) as a standard at λ exc = 325 nm (Φ F = 0.546) and coumarin 540A in ethanol as a standard at λ exc = 450 nm (Φ F = 0.544). Photochromic reactions were induced in situ by a continuous irradiation Hg-Xe lamp (Hamamatsu, LC6 Lightningcure, 200 W) equipped with narrow band interference filters of appropriate wavelengths (Semrock FF01-335/7-25 for λ irr = 335 nm; FF01-575/25-25 for λ irr = 575 nm). The irradiation power was measured using a photodiode from Ophir (PD300-UV). The photoconversion was followed by a combination of 1 H NMR and UV-visible absorption spectra, realized by successive irradiation at 335 nm for a total time of 20 min. Fluorescence intensity decays were obtained by the time-correlated single-photon counting (TCSPC) method with femtosecond laser excitation using a set-up composed of a Ti:Sa laser (Tsunami, Spectra-Physics) pumped by a doubled Nd:YAG cw-laser (Millennia, Spectra-Physics), pumped itself by two laser diode arrays. Light pulses at 950 nm were selected by optoacoustic crystals at a repetition rate of 4 MHz, and then doubled at 475 nm by non-linear crystals. Fluorescence photons were detected through a band-pass filter 370-500 nm (a monochromator set at 620 nm, respectively) by means of a Hamamatsu MCP R3809U photomultiplier, connected to a constantfraction discriminator. The time-to-amplitude converter was purchased from Tennelec. In the present investigation, the channel width was set to 3.1 ps. The instrumental response function was recorded before each decay measurement with a fwhm (full width at half-maximum) of ~25 ps. The fluorescence data were analyzed using the Globals software package developed at the Laboratory for Fluorescence Dynamics at the University of Illinois at Urbana-Champaign, which includes reconvolution analysis and non-linear least-squares minimization method. The shortest fluorescence decay time accessible by our instrumental set-up and our data analysis method was estimated to be around 10 ps (time-resolution).
Methyl 2,3,4-tri-O-propargyl-6-O-trityl-α-Dglucopyranoside (4)
To a stirred solution of methyl 6-O-trityl-α-D-glucopyranoside (3, 3.08 g, 7.05 mmol) in distilled DMF (60 mL) under argon in an ice bath, were added Bu 4 NI (3.07 g, 8.32 mmol) and propargyl bromide (80% solution in toluene, 2.3 mL, 20.65 mmol). The NaH (60% in mineral oil, 1.02 g, 25.5 mmol) was then added slowly by portions. After 15 min, the mixture was heated at 50 °C over 2 to 3 h (brown to black color). After evaporation under vacuum, the residue was partitioned in a mixture of EtOAc/H 2 O (200:200 mL) and the aqueous layer was extracted with EtOAc (2 × 100 mL). The organic layers were combined, washed with brine, dried over MgSO 4 and evaporated under vacuum to give the crude product which was purified by column chromatogrphy using a mixture of petroleum ether (PE):EtOAc (95:5 
DCM-functionalized methyl 6-O-trityl-α-Dglucopyranoside 6
To a solution of 4 (1.01 g, 1.83 mmol) in distilled DMF (15 mL), were added the azido-DCM 5 (2.23 g, 5.57 mmol), CuSO 4 (110.9 mg, 0.44 mmol) and Na ascorbate (188 mg, 0.95 mmol). The reaction mixture was stirred at 70 °C during 5 min then at 130 °C during 30 to 45 min under microwave irradiation (700 rpm, monitoring by TLC), and poured into distilled water after cooling to room temperature. The precipitate was then filtred through a cellulose acetate filter (porosity 2 µm) under vacuum and washed with water, then purified by column chromatography using pure EtOAc, then EtOAc/acetone ( 
DCM and DAE-functionalized methyl α-Dglucopyranoside 2
To a solution of compound 8 (51.1 mg, 0.033 mmol) in DMF (2 mL) were added the photochromic compound 9 (62.0 mg, 0.111 mmol), CuSO 4 (2.5 mg, 0.010 mmol) and Na ascorbate (6.8 mg, 0.034 mmol). The reaction mixture was stirred at 70 °C during 5 min then at 130 °C during 30 to 45 min under microwave irradiation (700 rpm, monitoring by TLC), and poured into distilled water after cooling to room temperature. The precipitate was then filtred through a cellulose acetate filter (porosity 2 µm) under vacuum and washed with water, then purified by column chromatogrphy using EtOAc:ethanol 
